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Abstract
Hydroxyapatite mineral is deposited in an organized
fashion in the matrices of bones and teeth. The amount
of mineral present, the composition of the mineral, and
the size of the mineral crystals varies with both tissue
and animal age, diet, health status, and the tissue being
examined. Here, we review methods for measuring these
differences in mineral properties and provide some il-
lustrations from bones and teeth of animals in which the
small leucine-rich proteoglycans (biglycan and decorin)
were ablated. Differences in mineral properties between
biglycan-deficient bones and teeth are related to the
functions of this small proteoglycan in these tissues.
Copyright © 2005 S. Karger AG, Basel

Introduction

The mineral in physiologically calcified tissues is an
analogue of the geologic mineral, hydroxyapatite [HA;
Ca;o(PO,4)s(OH),]. Bone, dentin, and cementum crystals
deposit upon a collagen template in an oriented fashion

[Robey, 1996] and tend to be relatively small, having a
large portion of their unit cells on their surface. This small
size leads the crystals to have many adsorbed ions and
imperfections [Posner and Beebe, 1975], causing the
Ca/P ratio to vary significantly from the stoichiometric
10:6 ratio [Peru and Daculsi, 1994]. The crystals in enam-
el, not formed on a collagen matrix, are significantly larg-
er and have fewer impurities than those in bone, dentin,
and cementum [Bonar et al., 1991].

There are a number of physical and chemical tech-
niques that have been used to characterize the mineral in
these tissues. The nature of the phase present and the av-
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erage size/perfection of the crystals is usually determined
by wide-angle X-ray or electron diffraction [Boskey,
2001]. Such analyses require either the presence of single
crystals (not feasible with these tissues) or homogeniza-
tion of the tissue prior to analysis. The sizes, shapes, and
orientation of the crystals with respect to the underlying
matrix can be determined by electron microscopic tech-
niques including scanning, transmission, and atomic
force microscopy [Landis et al., 1984; Kirkham et al.,
1998; Tong et al., 2003], and the ionic composition can
be determined by chemical analyses or electron micro-
probe analyses [Akesson et al., 1994]. The distribution of
the mineral within the tissue can be determined by back-
scatter electron imaging [Roschger et al., 1995], micro-
computed tomography (CT) [Genant et al., 2000], or ra-
diographic techniques using appropriate standards.
Unique information about the spatial distribution of both
mineral and matrix can be obtained by vibrational spec-
troscopic techniques such as infrared and Raman spec-
troscopy and spectroscopic imaging [Boskey and Men-
delsohn, 2005].

The nature, properties, and distribution of these prop-
erties of the mineral in calcified tissues affect the ability
of the tissue to be remodeled and, more significantly, the
mechanical strength of the tissue [Boskey, 2003]. The na-
ture of the matrix upon which the crystals are deposited,
along with physicochemical factors, determines these
properties. Analyses of changes in mineral (and matrix
properties) in healthy and diseased tissues as well as in
the mineralized tissues of genetically modified animals
provide insights into the functions of specific matrix com-
ponents on the properties of the tissues. For example,
mice with the gene for osteocalcin ablated, while initially
reported to have thickened bones [Ducy et al., 1996] sug-
gesting osteocalcin was regulating bone formation, were
later shown to have smaller crystals that did not remodel
based on infrared microspectroscopy [Boskeyetal., 1998],
indicating the importance of osteocalcin in bone remod-
eling. Similarly, analysis of the bones of the osteopontin
knockout (KO) mouse demonstrated the importance of
osteopontin for the regulation of crystal size — crystals
were larger and more perfect than in the wildtype (WT)
controls — as well as its role in osteoclast recruitment
[Boskey et al., 2002]. Mice lacking dentin matrix pro-
tein 1 (DMP-1), a protein produced abundantly by hyper-
trophic chondrocytes and osteoblasts [Feng et al., 2003],
had decreased bone density and osteomalacia with de-
creased mineral content and increased crystal size [Ling
et al., 2005], showing that DMP-1 (or some fragment
thereof) was acting as a mineral nucleator. In this paper,
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we illustrate the use of vibrational spectroscopy and mi-
cro-CT for the study of teeth as well as bones of mice lack-
ing one of the small leucine-rich proteoglycans (SLRPs),
decorin (DCN) or biglycan (BGN). The properties of the
bones of the BGN-KO mice have been described previ-
ously [Xu et al., 1998], but in less detail than in this re-
view. The bones of BGN-KO mice, while normal at birth,
appeared osteopenic with advancing age, developing thin
widely spaced trabeculae, a decreased mineral content,
and increased crystal size at bone-forming sites.

The SLRPs belong to the leucine-rich repeat superfam-
ily of proteins [Hocking et al., 1998] which, as reviewed
elsewhere [Ameye and Young, 2002], is characterized by
domains of disulfide bond-forming cysteine-rich clusters,
flanking the central leucine-rich repeats. The SLRPs are
small in relation to the large proteoglycans such as aggre-
can and versican [lozzo, 1998]. DCN, BGN and some
other SLRPs bind to collagen and transforming growth
factor-f3, and through these interactions, are not only in-
volved in the regulation of collagen fibril size but also ap-
pear to be involved in cell proliferation and differentia-
tion [Ameye and Young, 2002]. BGN deficiency tends to
result in increased collagen fibril diameter in bone [Corsi
et al., 2002] and in decreased diameter during dentin de-
velopment [Goldberg et al., 2003].

Part of the effect of BGN deficiency on bone develop-
ment is related to changes in cell proliferation. In vitro,
the number of bone marrow stromal cells decreases more
rapidly in BGN-KO than in WT mice [Chen et al., 2002].
These cells, which are osteoblast precursors, also produce
less type I collagen in culture, suggesting that the matrix
in the BGN-KO animals may be abnormal. BGN in solu-
tion i1s a HA nucleator [Boskey et al., 1997] which, in
combination with the abnormal matrix that forms in the
absence of BGN, may explain why there is a lower min-
eral content in the bones of the BGN-KO mice. In the
jaw, a day after birth, the BGN-KO first molar shows al-
tered dentin mineralization [Goldberg et al., 2003], and
structural defects are also observed in forming enamel,
with increasing thickness.

DCN-KO mice [Danielson, 1997] show abnormal col-
lagen fibrillogenesis in skin and tendon. In contrast to the
BGN-KO mice, the DCN-deficient animals were not re-
ported to show alterations in bone mass, or any other
major phenotypic changes in bone at the histological or
macroscopic level [Corsi et al., 2002]. In this review, we
illustrate how micro-CT and Fourier transform infrared
imaging (FTIR) microspectroscopy provide new insight
into the mineral and matrix properties of the BGN- and
DCN-deficient teeth and the BGN-deficient bones.
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Materials and Methods

Animals

WT, BGN-KO, and DCN-KO mice were generated at the Na-
tional Institute of Dental and Craniofacial Research (NIDCR) un-
der an institutionally approved protocol for the use of animals in
research (NIDCR 98-058 and 03-280). The mice used in this ex-
periment were generated by backcrossing the original BGN-KO
and DCN-KO strain (129B6/C57 mixture), i.e. strains were main-
tained separately, for over ten generations. In some experiments,
the 129 B6/C57 BGN-KO and DCN-KO mice were backcrossed
with the C3H/HeNHsd strain to a purity greater than 95% (in this
study, indicated as C3H strain). Approximately 2 mm of the tip of
the tail was removed from animals just after weaning (approxi-
mately 21 days) and DNA extracted using the commercial purifica-
tion kit Highpure (Invitrogen). Purified DNA (10 pl) was used for
a polymerase chain reaction (PCR)-based genotype assay consisting
of 1 x PCR buffer with MgCl, (Invitrogen), 0.2 mAM dNTP, and
2 ng of the following two primers: BGN exon 2, 5 prime end (for-
ward) 5’caggaacattgaccatg3’, and BGN exon 2, 3 prime end (re-
verse) 5'gaaaggacacatggcactgaag3’. These primers detected the WT
allele yielding a PCR band of 212 bp. A PGK1 primer (backward)
S'tggatgtggaatgtgtgcgagg3’ was used with the BGN exon 2, 5" prim-
er to detect the BGN-KO allele that was 310 bp. The overall geno-
type strategy to detect the DCN-KO allele was similar to that used
to detect the BGN-KO alleles except that DCN exon 2, 5 prime end
(forward) 5’ccttctggeacaagtctettgg3’, and DCN exon 2, 3 prime end
(backward) 5’tcgaagatgacactggcatcgg3’ primers were used to detect
the WT DCN allele of 161 bp. The DCN-KO allele was detected as
a 238-bp product when the DCN exon 2, 5 prime primer and PGK 1
primer (see above) were used in combination. The PCR reactions
were carried out by heating them at 95°C for 5 min prior to the ad-
dition of 0.5 wl AmpliTaq Gold Polymerase (Invitrogen). The PCR
reaction was carried out with 35 cycles of a three-tiered program
consisting of 95°C for 1 min, 57°C for 20 s, and 72°C for 30 s. The
reaction was terminated by incubating the mixture at 72°C for
7 min. The resulting PCR products were separated by electropho-
resis and visualized by staining with ethidium bromide. After anal-
ysis of each genotyping reaction, WT (+/0) and BGN-KO (-/0)
males and WT (+/+) and BGN-KO (-/-) females, or WT (+/+) or
DCN-KO (-/-) males or females were identified and housed sepa-
rately until the time of tissue harvest. Mice of the desired age were
euthanized by CO, inhalation and dissected using aseptic proce-
dures. After decapitation, the skin was carefully removed from the
head and the remaining experimental material placed in sterile
gauze soaked in phosphate-buffered saline. The dissected tissue was
immediately placed on dry ice and stored at —80°C until further
analysis.

Tissue Samples

Mice for all the studies were provided by one of the authors from
the collection at NIDCR. Mice for the teeth (jaw) studies were de-
rived from the C3H background, and mice for the bone studies
from the 129B6/C57 background. The jaws from BGN-deficient
mice and their WT controls and from DCN-deficient mice and their
WT controls used in the FTIR imaging (FTIRI) studies came from
3-month-old male mice. Extracted first and second molars from 6-
to 7-month-old male and female BGN-deficient and WT animals
were used in the micro-CT analysis. The mice for the BGN-defi-
cient bone study (all males, 129B6/C57) were derived by gene tar-
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geting in embryonic stem cells [Xu et al., 1998], and the genotype
was verified by PCR.

For FTIRI, the posterior parts of mouse hemi-jaws were dis-
sected, cleaned of soft tissue, fixed in 90% ethanol, dehydrated
through a series of solvents, and embedded in polymethylmethac-
rylate (PMMA). PMMA blocks were sectioned at 2-3 um using a
sliding microtome (Leica SM 2500, Leica, Germany), and sections
were placed on BaF, windows for analysis.

Infrared Analyses of Teeth of WT and Mutant Animals

Semi-thin (2-3 pm) sections of the 3-month-old BGN- and
DCN-deficient mouse molars and WT control molars were exam-
ined by FTIRI to acquire spectral images using the Perkin Elmer
Spotlight Imaging system (Perkin Elmer Instruments, Shelton,
Conn., USA). The spectral resolution was 8 cm™' and the entire
tooth section was scanned in each image, with 2-3 replicates per
tooth. The spatial resolution was approximately 7 wm. Spectra were
transferred to yield images corresponding to infrared band areas,
peak height ratios and integrated area ratios by a combination of
instrument software and ISY'S chemical imaging software (version
2.1, Spectral Dimensions Inc., Olney, Md., USA) [Boskey and Men-
delsohn, 2005]. Background spectra were collected under identical
conditions from the same BaF, windows. After acquisition, spectra
were truncated to allow analysis of the spectral data of interest,
baseline was corrected, and the spectral contribution of the PMMA-
embedding media was subtracted using ISYS software.

The spectroscopic parameters calculated were: mineral-to-ma-
trix ratio, carbonate-to-matrix ratio, crystallinity, and collagen
cross-link ratio. The mineral-to-matrix ratio — v1, v3 PO4 band
(900-1,200 cm™')/amide I band (1,590-1,720 cm™") integrated ar-
eas ratio — is linearly related to ash weight. Mineral crystallinity
corresponds to the crystallite size and perfection as determined by
X-ray diffraction and was calculated from the intensity ratios of
subbands at 1,030 (stoichiometric apatite) and 1,020 cm™' (non-
stoichiometric apatite). The cross-link ratio is a parameter reflect-
ing the maturity of the collagen, expressed as the absorbance ratio
at two specific wave numbers (1,660 and 1,690 cm™!). In the spec-
tral images, pixels devoid of tissue (no mineral and/or matrix spec-
tral signature) were set equal to zero and excluded from calcula-
tions. The spectroscopic results were expressed as histograms de-
scribing the pixel distribution of the parameters, mean values and
standard deviations of the pixel distribution, and corresponding
color-coded images were generated at the same time by ISYS.

Micro-CT

Mineral density of dentin and total volume of the crown of the
BGN-deficient, DCN-deficient, and WT molars were calculated by
quantitative micro-CT (Enhanced Vision Systems Model MS-8 in
vitro micro-CT scanner, GE Healthcare, London, Ont., Canada).
First and second molars from WT and KO animals were extracted
from the mouse jaws using dental micro-spoon excavators, and
their roots were cleaned of alveolar bone remains through careful
use of a periodontal curette. Molars from 3 male and 4 female hemi-
jaws were analyzed in both WT and KO groups (ny = 28). The
extracted molars were then positioned in a 70% alcohol-filled plas-
tic container and fixed, while a calibration phantom was fixed in
the same container. Two-dimensional projections of all the molars
at the same time were collected by Evolver software (GE Health-
care) in three consecutive scans; the isotropic voxel size was 12 X
12 x 12 wm. The hardware of the Enhanced Visions System micro-
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CT scanner employs filtering of the low-energy portion of the X-ray
spectrum with aluminum, acrylic, and a saline bath to minimize
beam hardening associated with polychromatic X-ray and to ensure
uniformity of the beam at the detector array. To minimize noise, a
large number of views (400), increased frame averaging, and in-
creased shutter exposure time (3,000 ms) were utilized resulting in
4-hour scans. Each scan of the phantom containing air, saline and
a bone reference material (1.18 g/cm?) gave calibration in Houns-
field units to mineral density in grams per cubic centimeter. Scan-
ner linearity was previously established by the manufacturer with
a phantom containing nine densities of similar calibration mate-
rial (Gammex RMI, Middleton, Wisc., USA). Reconstruction of
projections into CT volume data was accomplished by Beam soft-
ware (GE Healthcare) with a modified Parker algorithm [Tomma-
sini et al., 2005]. A sub-volume was selected in Microview software
(GE Healthcare) to segregate each molar for reconstruction.

The crowns were reoriented so that the cervical circumference
lay, as much as possible, on the final x-plane, at which point all the
mineralized structure that was above the x-plane was defined as the
anatomical crown, and the part of the sample that was below the
x-plane was defined as the root. The smallest parallelepiped sub-
volumes into which the entire crown or roots could fit were posi-
tioned around each of these, respectively. Attenuation histograms
of the volumes of interest were generated and Hounsfield units ver-
sus frequency values exported to Microsoft Excel for further pro-
cessing. Individual thresholds were selected based on mineral den-
sity distribution for each molar, due to the fact that the transition
between mineralized tissue and background soft tissue is very clear
in our samples under the conditions used (fig. 3, histogram). An
additional threshold was selected between dentin and enamel den-
sity distribution curves in crowns. Dentin mineral density for
crowns and roots was computed based on density distribution be-
tween the two thresholds and the total volume crown, based on the
total number of voxels with a density above the background-min-
eralized tissue threshold. Values for each of the three parameters
(mineral dentin density in crown, in root, and crown volume) in
every molar from all three scans were averaged, in order to reduce
experimental error associated with factors such as X-ray scattering
by very dense enamel, or operator bias (e.g., precise positioning of
the crown cervix) in data processing.

Results

Infrared Microspectroscopy of BGN-KO and WT

Bones

We have previously reported that there was increased
crystallinity and a decreased mineral content in the bones
of the male BGN-KO mice [Xu et al., 1998], although the
data were not shown in that publication. We also report-
ed that by 6 months of age, there were fewer trabeculae
detectable in the KO than in the WT mice. Properties of
the cortical bone, displayed as a function of location in
the cortical bone, are summarized in figure la—c. In WT
mice, as the animal ages, there is an initial increase in
mineral content (fig. 1a) at all tissue sites, but at 6 months,
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Fig. 1. FTIR microspectroscopic analysis of the bones of male
BGN-KO and age- and sex-matched WT mice. Mean values from
multiple (5-12) spectra obtained mid-shaft in each of three regions
are shown. The mineral-to-matrix ratio (a) is decreased at all tissue
sites except in the endosteum at all 3 ages, although statistical sig-
nificance (* p < 0.05) was not found at 6 months in the periosteal
region. Crystallinity (b) was significantly increased in KO in rela-
tion to WT mice in all but the endosteal regions at all time points.
The carbonate-to-phosphate ratio (¢) did not vary significantly be-
tween KO and WT mice at any time point, although values did
increase significantly with time in each group, and the KO values
tended to be decreased in older tissues at later time points. P = Bone
adjacent to the periosteal surface; C = bone in the center of the cor-
tex; E = bone adjacent to the endosteum.
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Fig. 2. FTIR microspectroscopic analysis of the trabecular bone of
male BGN-KO and age- and sex-matched WT mice. Mean values
from multiple (5-12) spectra obtained at sites below the epiphysis
are shown. The mineral-to-matrix ratio (a) was decreased in KO
compared with WT trabeculae at all ages, with statistical signifi-
cance (* p < 0.05) in the youngest and oldest bones. Crystallinity
(b) was significantly increased in the 3-week bones, but was equiv-
alent to WT mice in the older bones. The carbonate-to-phosphate
ratio (¢) did not vary significantly between KO and WT trabeculae,
but did increase with age in all bones.
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the mineral content decreased slightly. In contrast, in the
KO mice, the mineral content at all sites other than the
mineral adjacent to the endosteum was decreased in rela-
tion to age-matched controls. At 6 months, there was a
significant decrease in the mineral content of the endos-
teum. The crystallinity, an indication of crystal size and
perfection, increased with animal age at all tissue sites in
the WT mice, and was significantly higher at all sites and
ages in the KO mice (fig. 1b). In the endosteal region,
crystallinity was comparable with WT mice at 6 months.
The carbonate-to-phosphate ratio increased with animal
and tissue age (where periosteal bone is younger than
bone in the central cortex, and younger than the endos-
teal bone) in the WT mice, and was not significantly dif-
ferent in the KO mice when similar sites and animal ages
were compared (fig. 1¢).

Examining the same parameters in the trabecular
bone, again, there is a decreased mineral content in the
BGN-KO bone compared with the control (fig. 2a), but
in contrast to the cortical bone, the mineral content re-
mained constant as a function of age in both the WT and
the KO trabeculae. Crystallinity was again increased in
the BGN-KO mice (fig. 2b), but the difference between
WT and KO mice was only significant in the youngest
animals. The carbonate-to-phosphate ratio in the trabec-
ular bone (fig. 2¢) also tended (p = 0.06) to be higher in
the youngest BGN-KO mice, but was equivalent at all
other time points.

Micro-CT of BGN-KO Teeth

Micro-CT was used to measure the properties of the
BGN-deficient animals in relation to age- and sex-
matched controls at 3 months. The tooth crown as defined
by the area of interest is shown in 3-dimensional render-
ing of a first WT molar (fig. 3a). Both crown and root
mineral dentin densities were not significantly different
between WT molars in male or female animals and their
KO counterparts (data not shown). Although the inter-
face between dentin and enamel voxels (fig. 3b, arrows)
1S not very steep, as it is likely that some enamel voxels
have mineral density values which are very similar to
high-mineral-density dentin voxels, distribution of min-
eral density in dentin was reproducible between scans.
Figure 3¢ shows the measurement of the total crown vol-
ume (dentin and enamel) for male and female BGN-KO
and WT control first molars (7 each, total specimens =
28). While there is essentially no difference between male
WT and KO animals, crowns of first molars in female
BGN-KO animals were significantly smaller (approxi-
mately 10%) than in their WT counterparts.
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FTIRI of BGN- and DCN-KO Teeth

Typical spatial variation in mineral and matrix prop-
erties of first molars of 3-month-old male BGN- (n = 4)
and DCN-deficient (n = 3) animals were compared (fig.
4a-d) with those of sex- and background-matched con-
trols (n = 3). The mineral-to-matrix ratio (fig. 4a) visually
appeared slightly higher in the BGN-KO teeth, compared
with the WT and DCN-KO teeth. Crystallinity, measured
as the 1030 cm~'/1020 cm™! intensity ratio (fig. 4b), ap-
peared to have a comparable distribution in all three ge-
notypes. In contrast, the carbonate-to-amide I peak area
ratio visually appeared appreciably higher in all BGN-
deficient first molars in relation to the other genotypes.
The 1660 cm™!/1690 cm™! intensity ratio, indicative of
collagen maturity, also appeared higher in the BGN-defi-
cient teeth. Figure 5 compares the average for each of the

Mineral Properties in Bones and Teeth

above-mentioned parameters observed for each image in
the 10 teeth analyzed. There was no statistically signifi-
cant difference in the mineral-to-matrix ratio, although
there was a sharper distribution in the BGN-deficient an-
imals as seen in the pixel histograms (data not shown).
There was no significant difference in the crystallinity
parameter, although it was slightly increased in both
BGN- and DCN-deficient molars in relation to WT mo-
lars. The carbonate-to-amide I ratio was significantly de-
creased in the BGN-KO molars and significantly in-
creased in the DCN-KO molars compared with controls,
while the 1660 cm™'/1690 cm™! ratio was slightly in-
creased in the BGN-KO molars, but had a broader distri-
bution. The pixel distribution showed a greater popula-
tion of low and high values in the molars of BGN-KO
mice (data not shown).
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Discussion

This report highlights the use of micro-CT and FTIR
microscopy and microscopic imaging to obtain new in-
formation, not derivable from light or electron micros-
copy, about the mineral and matrix composition of bones
and teeth. We have extensively used the FTIR technique
in the analysis of bones of mutant animals [Boskey and
Mendelsohn, 2005], but this report is the first to docu-
ment the use of infrared imaging to characterize changes
in rodent teeth. Differences between bone and tooth

150 Cells Tissues Organs 2005;181:144-153

properties in the BGN-KO mouse provide additional in-
sights into the effects of this protein.

BGN-KO Bones and Teeth Show Different Patterns of

Mineral Alterations

The BGN-deficient bones at all ages analyzed were
thinner, mechanically weaker, and had distinct material
properties compared with WT animals [Xu et al., 1998].
The detailed material analysis of the bones based on in-
frared microspectroscopy showed that the more recently
formed bone adjacent to the periosteum and in the center

Boskey/Young/Kilts/Verdelis
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of the cortex showed the most difference from WT con-
trols, suggesting an effect of BGN on mineral formation
rather than remodeling, as was seen in the bone adjacent
to the endosteal surface in the osteocalcin [Boskey et al.,
1998] and osteopontin [Boskey et al., 2002] KO mice. The
BGN-KO bone contained a lower mineral-to-matrix ra-
tio, but had larger (more perfect) crystals. Since the col-
lagen fibrils within the BGN-KO bone tend to be larger
[Corsi et al., 2002], this could be due to a lack of appro-
priate sites for new mineral deposition within the collagen
itself, since collagen forms the template upon which the
mineral is deposited [Gokhale et al., 2001]. Thus, the ob-
served changes in material properties might be an indi-
rect effect of the modification of the collagen fibrils. BGN
regulates the collagen fibril diameter, both in vitro and in
the tissues of KO animals [Goldberg et al., 2003]. On the
other hand, an initial study showed that cartilage BGN
and a mixture of SLRPs isolated from bone were HA
nucleators [Boskey et al., 1997]. This would suggest that

Mineral Properties in Bones and Teeth

in the absence of BGN, there would be fewer nucleation
sites, although bone has more than one matrix protein
involved in nucleation. With fewer nucleation sites, and
the same local calcium and phosphate concentrations,
those nuclei that are present would tend to grow to a larg-
er size, hence the observed increased crystallinity in the
BGN-KO bones. It is important to note that the material
properties of the DMP-1 KO bones are similar to those
of the BGN-KO bones (lower mineral-to-matrix ratio and
larger crystals) [Ling et al., 2005], and DMP-1 is also a
HA nucleator [Tartaix et al., 2004].

The phenotype in the BGN-KO tooth was quite differ-
ent from the bone. There was no significant reduction in
mineral content in the teeth; in contrast, there was no dif-
ference in mineral content (mineral-to-matrix ratio) in re-
lation to WT controls. Crystal size was not significantly
altered, but the relative carbonate content, which in both
bone [Tarnowski et al., 2002] and dentin increases with
tissue age [Coklica et al., 1969], was decreased in the
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BGN-KO teeth. Additionally, while the BGN-KO bone
has thicker collagen fibrils, the BGN-deficient tooth has
thinner ones [Goldberg et al., 2002]. The presence of
thinner collagen fibrils in the dentin might suggest that
there would be more sites for initiation of mineralization,
although earlier electron microscopic studies of primary
mineralization in calvaria reported that DCN disappears
and fibrils fuse prior to mineral deposition [Hoshi et al.,
1999]. Similar data are not available for BGN. Even in the
absence of one of the potential HA nucleators, the number
of sites on collagen might be closer to normal in the tooth,
thus there would be a lesser difference in mineral content
in the tooth, and hence, a lesser change in crystallinity. The
decreased carbonate content in the BGN-deficient molar
suggests impaired or delayed mineralization, but this is
difficult to reconcile in the absence of data from younger
animals. The increased carbonate content in the DCN-
deficient teeth, in the absence of other changes in material
properties, suggests that the mineral is older, but again,
additional studies on younger animals are needed.

It should be noted that the BGN-deficient bone and
dentin studies were done in mice from different back-
grounds; however, based on preliminary analyses of the
bones of the C3H BGN-KO mice, we do not think that
this is a major contributor to the difference. It is much
more likely that the different material properties ob-
served are tissue specific, rather than background spe-
cific. Since bones in the DCN-deficient mice like those in
the BGN-deficient mice have smaller fibril diameters
[Corsi et al., 2002], it will be interesting to characterize
the bones in the DCN-deficient mice.

Sex-Dependent Differences in WT and BGN-Deficient

Teeth

The BGN gene is located on human [McBride et al.,
1990] and mouse [Chatterjee et al., 1993] X chromo-
somes, and thus, in males, has no second allele (on Y). In
females, normally, one allele is inactivated so that men
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and women have equal amounts of BGN expression. Ini-
tial analyses were performed only on the bones of males
lacking BGN. Yet the female mice, like female children
with Turner syndrome who lack BGN [Heegard et al.,
1997] and may fail to express another factor that controls
BGN expression, showed greater differences in tooth vol-
ume than male mice. In that respect, it is interesting to
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derson, 2005; Harris and Lease, 2005]. This report is the
first to note sexual dimorphism in crown size in mice.

Conclusions

Variations in mineral properties in bones and teeth
contribute to the mechanical performance of these tis-
sues. Genetically derived mutant animals lacking one or
more extracellular matrix component are being studied
to provide insight not only into the mechanical strength
and geometry of these tissues, but also, as described in
this review, into the functions of the proteins that are ab-
lated. Combing these data with histology, gene expression
data, mechanical testing, and cell culture studies will cer-
tainly facilitate the understanding of more than one of the
functions of these proteins.
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